22 Rationale: Cardiac neural crest cells (CNCCs) contribute greatly to cardiovascular 23 development. A thorough understanding of the cell lineages, transcriptomic states and 24 regulatory networks of CNCC derivatives during normal development is essential for 25 deciphering the pathogenesis of CNCC-associated congenital anomalies. However, the 26 transcriptomic landscape of CNCC derivatives during development has not yet been 27 examined at a single-cell resolution. 28 Objective: We sought to systematically characterize the cell lineages, define the 29 developmental chronology and elucidate the transcriptomic dynamics of CNCC 30 derivatives during embryonic and neonatal development. 31 Methods and Results: We performed single-cell transcriptomic sequencing of 34,131 32 CNCC-derived cells in mouse hearts from eight developmental stages between E10.5 33 and P7. Through single-cell analyses and single-molecule fluorescence in situ 34 hybridization, we confirmed the presence of CNCC-derived mural cells. Furthermore, 35
/ 35

INTRODUCTION 69
Neural crest cells (NCCs) are a multipotent, migratory cell population that delaminates 70 from the dorsal part of the neural tube via epithelial-to-mesenchymal transition. 1 During 71 embryogenesis, migratory NCCs give rise to a plethora of cell lineages, and contribute 72 to the development of a variety of tissues and organs, such as the skull bones, adrenal 73 gland, enteric nervous system and heart. 2 While the heart is mostly of mesodermal 74 origin, NCCs, which are ectodermal derivatives, contribute greatly to heart 75 development. 3 The subpopulation of NCCs contributing to the heart are referred to as 76 cardiac neural crest cells (CNCCs). 4 Since these cells were first discovered by Kirby In recent decades, significant advances in understanding the CNCC contributions to 88 heart development have been made by using lineage tracing mouse models such as 89
Wnt1-Cre mice, 7 although some aspects remain contentious. In these models, all 90
CNCCs and their derivatives are genetically labeled by the Cre-loxP recombinase 91 system and observed via LacZ staining or fluorescence imaging (imaging-based lineage 92 tracing). 8 After delamination from the neural tube (embryonic day 8.5, E8.5), CNCC 93 derivatives first colonize the pharyngeal arch artery and ultimately differentiate into 94 vascular smooth muscle cells (VSMCs) of the aortic arch. 4 Starting at E10.5, where they participate in the formation of the aorticopulmonary septum for complete 97 separation of the pulmonary and systemic circulation. 9 These CNCC-derived 98 mesenchymal cells eventually give rise to part of the smooth muscle walls of the great 99 arteries. 10 The remodeling of OFT cushions also result in the formation of semilunar 100 valvular leaflets, among which CNCC derivatives mainly contribute to the two leaflets 101 adjacent to the aorticopulmonary septum. 7, 11 CNCCs have also been suggested to 102 directly contribute to the smooth muscle walls of the proximal coronary arteries. 7, 12 In 103 addition to the entry point described above (i.e., the arterial pole of the heart), CNCC 104 derivatives enter the heart from a second entry point, the venous pole at E12.5, whereby 105 they penetrate the heart and migrate into the atrioventricular valves. 11,13 All the 106 melanocytes in atrioventricular valves are derived from CNCCs. 11 107
In addition, neurons and glial cells derived from CNCCs contribute to the 108 parasympathetic innervation of the heart. 11,14 CNCC-derived neurons in the heart were 109 first observed at E11.5. 14, 15 Although it has been suggested that CNCCs are required for 110 normal development of the cardiac conduction system (CCS), it remains contentious 111 whether CNCCs directly contribute to the CCS, which is known to be derived from the 112 myocardium (myocardial conducting cells). 4,6 Likewise, the presence of CNCC-derived 113 myocardial cells remains controversial, although it has been suggested that CNCCs are 114 essential for normal myocardial development. 4,16 115 Mural cells include pericytes that discontinuously ensheath capillaries and 116 microvascular smooth muscle cells (mVSMCs) that cover larger-caliber vessels of the 117 microcirculation as well as their transitional cells. 17,18 Neural crest-derived mural cells 118 have been identified in various organs, such as the brain, retina, head and thymus. 19,20 119 However, one previous study did not find any CNCC-derived mural cells in the heart 120 ventricle at E14.5 using lineage tracing. 21 It has become increasingly evident that even at the beginning of migration from the 124 neural tube, the NCCs are heterogeneous, comprising multipotent cells, cells whose 125 differentiation potential are restricted to varying degrees (fate-restricted cells), and even 126 precursors committed to a particular lineage. 22 Although transcriptomic states have 127 been investigated for pre-migratory or early migrating NCCs in the dorsal neural tube 128 of the chick embryo, 23,24 little is known regarding the states of CNCC derivatives with 129 respect to their differentiation potential and proliferative ability when they arrive at the 130 heart or during embryonic and neonatal development of the heart. 131
One obvious drawback of imaging-based lineage tracing is that it cannot provide 132 detailed molecular information about cell state transitions. 8 Recent technical advances 133 in large-scale single-cell RNA-seq have enabled the transcriptomes of tens of thousands 134 of cells to be assayed at a single-cell resolution. 25 The raw sequencing reads have been deposited in the Sequence Read Archive and are 149 available through project accession number PRJNA562135. Detailed methods can be 150 found in the Supplementary Methods. 151
RESULTS 152
Single-cell transcriptomic sequencing of CNCC derivatives during embryonic and 153 neonatal development. 154
To investigate the transcriptomic landscape of CNCC derivatives during development, 155
we used the Wnt1-Cre;Rosa26-tdTomato mouse model to specifically label CNCC-156 derived cells ( Figure 1A ). Whole hearts were dissociated, and tdTomato-positive cells 157
were sorted for single-cell capture. The developmental stages we selected spanned from 158 the very early time when CNCC derivatives arrived at the cardiac OFT during 159 embryonic development (i.e., E10.5) 9 to neonatal stage P7 ( Figure 1B ). 10X Genomics 160 Chromium Single Cell 3' transcriptomic sequencing libraries were constructed and 161 subjected to sequencing. The sequencing quality metrics were similar across samples, 162 reflecting relatively little technical variation (Online Table I ). After the application of 163 stringent quality control, we obtained high-quality single-cell transcriptomes of 34,131 164 CNCC-derived cells from eight stages. To facilitate further data exploration, we 165 developed a web-based interface for our dataset (http://scrnaseqcncc.fwgenetics.org) 166 that permits interactive examination of expression for any gene of interest. 167
The spatial distribution of the CNCC derivatives. 1F). In addition, tdTomato-positive cells were found to be embedded in the walls of 183 ventricles ( Figure 1G ). CNCC-derived VSMCs were observed in the coronary 184 vasculature, as evidenced by the co-expression of tdTomato and a specific marker for 185 mature VSMCs (i.e., Myh11) ( Figure 1H ). 186
Cell lineages and transcriptomic states of the CNCC derivatives during embryonic 187
and neonatal development. Figure 2F ). 220
CNCC-derived pericytes transition to microvascular smooth muscle cells. 221
To understand the heterogeneity of the CNCC-derived mural cells, we performed 222 subclustering of the c19 cells from stage P7 (227 cells, accounting for 48% of the 223 cluster). Two subclusters were identified, sc1 and sc2, which correspond to pericytes 224 and mVSMCs, respectively, based on the expression of markers ( Figure 3A Figure 3G shows the 246 expression dynamics of the pericyte markers Vtn and Pdgfrb as well as the VSMC 247 marker Myh11, reflecting a continuum of phenotypic changes in cells embedded in the 248 walls of the microvasculature. Interestingly, Notch3 signaling has been suggested to be 249 important in the pericyte to VSMC transition. 38 We found that Notch3 was significantly 250 up-regulated specifically in the middle phase of the trajectory ( Figure 3G , adjusted P-251 value = 0.031), while other Notch receptors including Notch1, Notch2 and Notch4 were 252 not significantly regulated. Moreover, we examined the transcription factors (TFs) that 253 were significantly regulated during the transition ( Figure 3H) . Notably, Fosb, Tbx2 and 254 they played roles in the transition. 256
Developmental chronology and transcriptomic state change dynamics of CNCC 257
derivatives during development. 258
The study of the developmental chronology of CNCC derivatives has previously been 259 limited by improper or limited cell markers for each developmental stage. The large-260 scale single-cell RNA-seq dataset gave us an unpreceded opportunity, since the cells 261 were clustered in an unbiased manner based on the whole transcriptome, without the 262 need for a priori knowledge about the cell markers. Figure 4A and 4B show the 263 proportion of each cluster in each stage and the proportion of cells from each stage in 264 each cluster, respectively. As shown in cluster I of Figure 4B , the melanocyte lineage 265 first appeared at E11.5 and then greatly expanded at E14.5. These results are consistent 266 with a previous report that Dct (a melanocyte marker) expression is first observed at 267 E11.5 and that a larger number of melanocytes are found in the atrioventricular 268 endocardial cushions at E14.5, 34 reflecting the reliability of our dataset. Surprisingly, 269 CNCC-derived neurons were found to appear first at E10.5, which was earlier than 270 previously recognized (E11.5). 13, 14 Only six E10.5 neuron cells were captured, but they 271 all expressed neural markers (Online Table V) , thus excluding errors from data 272 integration and clustering. 273
As expected, the VSMC lineage expanded mainly at the later stages of development 274 (after E14.5; cluster II in Figure 4B ), and the mesenchymal lineage expanded mainly at 275 the early stages (before E14.5; cluster III in Figure 4B ). Notably, the mural cells 276 expanded greatly postnatally (especially at P7), in line with the increase in capillary 277 growth during the postnatal development of the heart. 39 The transcriptomic state change 278 dynamics during development of the CNCC-derived lineages can be clearly visualized 279 in Figure 4C . Notably, the earliest sample from E10.5 included multiple cell lineages, 280 supporting the view that many CNCC-derivatives had already committed or 281
Gradual loss of proliferation and the neural crest molecular signature with 283 development in CNCC derivatives. 284
We further characterized the CNCC derivatives with respect to their proliferation ability 285 and differentiation potential when they arrived at the heart as well as during embryonic 286 and postnatal development. We found that the CNCC derivatives were highly 287 proliferative when they arrived at the heart (E10.5) and switched from a proliferative 288 to a quiescent state with the progression of development ( Figure 5A ). Some clusters, 289 such as c18, c12, c8, c5 and c7, were highly proliferative ( Figure 5B ). We further 290 investigated the differentiation potential of CNCC derivatives by examining the 291 expression of a list of markers for pluripotency and pre-migratory neural crest cells that 292 was compiled by a previous study. 23 No cell clusters were found to exhibit high 293 expression of pluripotency genes such as Nanog and Pou5f1 (Oct4), suggesting that the 294 CNCC-derived cells generally did not possess stemness after migrating into the heart 295 ( Figure 5C ). Moreover, we observed gradual loss of the neural crest molecular signature 296 with development in the CNCC derivatives ( Figure 5D ). Notably, the CNCC-derived 297 cell lineages exhibited differences in the neural crest molecular signature ( Figure 5E ). 298 Surprisingly, the melanocytes, rather than the mesenchymal cells, were most similar to 299 pre-migratory neural crest cells. The melanocytes also showed high expression of other 300 neural crest markers, including Pax3 and Kit 40 (Online Figure II) . 301
Characterization of interesting cell subpopulations of CNCC derivatives during 302 development. 303
Single-cell RNA-seq permits the identification of previously unrecognized 304 subpopulations, and we characterized some interesting subpopulations that deserve 305 further study. Cluster c1, c2 and c3 exhibited high expression of Myh11, thus 306 representing relatively mature VSMCs ( Figure 2C ). However, c2 was aligned distant 307 from c1 and c3 in the UMAP space (Figure 2A , Online Data I), suggesting that c2 308 represents another branch of the VSMC lineage distinct from c1 and c3, while the last 309 13 / 35 two clusters aligned together closely. Interestingly, compared with c1 and c3, c2 310 expressed significantly higher levels of contractile markers such as Myh11 and Cnn1 as 311 well as pericyte markers such as Rgs5 and Kcnj8 ( Figure 6A ). Cluster c1 and c3 312 expressed significantly higher levels of extracellular matrix genes such as Eln and 313
Fbln2 than c2. Taken together, c2 may represent the CNCC-derived VSMCs of the 314 coronary vasculature, while c1 and c3 may represent the CNCC-derived VSMCs of the 315 great arteries. The smFISH results confirmed that the coronary arteries expressed 316 significantly higher levels of Myh11 than the great arteries ( Figure 6B-C) . 317
The mesenchymal cluster c11 showed high expression of the transcription factor Tcf21 318 ( Figure 6D) , which may indicate a subpopulation of CNCC-derived valve interstitial 319 cells based on the previous reports. 33, 41 Our lab previously identified a Penk + 320 mesenchymal subpopulation in the developing OFT; however, whether this 321 subpopulation is derived from CNCCs was not answered. 29 In this study, we found the 322 mesenchymal cluster c9 showed high expression of Penk ( Figure 6E ), and the smFISH 323 results showed that the Penk + cells were mainly localized in the OFT cushions where 324 the aortopulmonary septum formed, and all the Penk + cells were derived from CNCCs 325 ( Figure 6F) . 326
Another interesting mesenchymal cluster is c5, which mainly comprised cells from the 327 early stages ( Figure 3A ), suggesting that it may represent the early state of the CNCC-328 derived mesenchymal cells. This subpopulation showed high expression of the Crabp1 329 gene, encoding cellular retinoic acid binding protein 1 ( Figure 6G ), which has been 330 reported as the top marker of CNCC-derived mesenchymal cells at E9.25. 42 It also 331 showed high expression of the Crabp2 gene, encoding cellular retinoic acid binding 332 protein 2 ( Figure 6H ). The expression of Crabp1 and Crabp2, two important regulators 333 of retinoic acid signaling, decreased during development. These results indicate that 334 CNCC derivatives are more sensitive to retinoic acid signaling at early stages of 335
development. 336
The neural crest is fascinating. The formation, migration and differentiation of NCCs 338 and NCC-associated pathologies have been the subject of intense research since the 339 discovery of these cells 150 years ago. 43 CNCCs play critical roles in the evolution and 340 development of the vertebrate cardiovascular system. 44 In this study, we systematically 341 investigated the transcriptional landscape of CNCC derivatives during cardiac 342 development at a single-cell resolution. On the basis of large-scale single-cell RNA-seq 343 analyses and smFISH validation, we reported the presence of CNCC-derived mural 344 cells associated with the microvasculature. Furthermore, we found the transition from 345 CNCC-derived pericytes to mVSMCs and identified the genes that were significantly 346 regulated during the transition through pseudo-temporal ordering analysis. We defined 347 the developmental chronology of the CNCC-derived lineages and found that the 348 CNCC-derived neurons first appeared at E10.5, which was earlier than previously 349 recognized. Our data indicated that many CNCC derivatives had already committed or 350 differentiated to a specific lineage when they arrived at the heart. We found that the 351 CNCC derivatives were highly proliferative when migrating into the heart, and 352 switched from a proliferative to a quiescent state with the progression of development. Cspg4 do not specifically label them, as also shown in our data (Figure 2E reported from single-cell studies, we identified a third source of mural cells in the heart 374 (i.e., CNCC-derived mural cells) ( Figure 2B-C) . This finding makes sense because 375
NCCs have already been reported to give rise to mural cells in many organs, such as 376 the brain, retina and thymus. 19, 20 We also found that the mural cells expanded greatly 377 postnatally (especially at P7, Figure 4B ), in line with the increase in capillary growth 378 during the postnatal development of the heart. 39 This may be one of the reasons why 379 the CNCC-derived mural cells were not identified in a previous study 21 since the 380 CNCC-derived mural cells are relatively few at E14.5 (the stage that study only 381 examined). Consistent with the phenotypic heterogeneity of cardiac mural cells, our 382 results reflected a more complex embryonic origin of cardiac mural cells than 383 previously recognized. Whether cardiac mural cells of different origins behave 384 differentially during pathological processes of the coronary vasculature deserves further 385 study. Although a previous study indicated that pericytes can transition to mVSMCs, 38 386 the gene expression dynamics underlying this transition are not yet fully elucidated. 387
Through pseudo-temporal ordering of single cells, we confirmed the linear trajectory 388 of the pericyte-to-mVSMC transition and, for the first time, elucidated the previously 389 unknown regulatory changes during the transition ( Figure 3F ). Our results support the 390 role of Notch3 signaling during the transition and provide candidate regulators 391 16 / 35 potentially driving the process ( Figure 3H ). 392
Although our data do not support a direct contribution of CNCCs to the CCS and 393 myocardium, our results highlight the contribution of CNCCs to cardiac vessels of 394 different calibers, from the VSMCs of the great arteries to mural cells wrapping the 395 microvasculature. Moreover, we found that the phenotypes of the cells wrapping the 396 cardiac vessels may vary as a function of the caliber of the vessels. For example, the 397 coronary arteries expressed significantly higher levels of the contractile marker Myh11 398 than the great arteries ( Figure 6A-C) . Our results reflect a continuum of cell phenotypes 399 along the cardiac vascular tree with VSMCs and pericytes at the two ends of the 400 phenotypic spectrum. The heterogeneity of the phenotypes of vessel-associated cells in 401 the brain vasculature has been dissected using single-cell RNA-seq. 36 The phenotypic 402 heterogeneity of the cardiac vasculature is also complex and deserves to be explored at 403 a single-cell resolution in the future by integrating single-cell RNA-seq data with spatial 404 transcriptomic data. 46 405
Due to the limitations of imaging-based lineage tracing used in the previous studies, 7,11 406
we know little about the states of CNCC derivatives when they migrate to the heart or 407 the molecular change dynamics during development. The large-scale single-cell RNA-408 seq dataset gave us unpreceded opportunity to explore these questions. Unexpectedly, 409 CNCC-derived neurons expressing mature neuron markers were found to first appear 410 at E10.5 ( Figure 4B , Online Table V) , which is earlier than previously recognized. 13,14 411
Notably, the earliest sample investigated from E10.5 contained multiple cell lineages 412 and exhibited the expression of lineage-specific mature markers ( Figure 4C ). The 413 neuron, Schwann and melanocyte lineages aligned relatively distant from the 414 mesenchymal lineage in the UMAP embedding ( Figure 4C ), suggesting that most cells 415 of these lineages were not differentiated from the mesenchymal lineage after migrating 416 into the heart. No cell clusters were found to highly express the pluripotency genes such 417
as Nanog and Pou5f1, suggesting that CNCC-derived cells generally do not possess 418 stemness after migrating into the heart ( Figure 5C ). Taken together, our results support 419 the view that many CNCC-derivatives have already committed or differentiated to a 420 specific lineage when they arrived at the heart. In addition, we observed that the CNCC 421 derivatives were highly proliferative when migrating into the heart, and switched from 422 a proliferative to a quiescent state with the progression of development ( Figure 5A) . 423
We also observed gradual loss of the neural crest molecular signature with development 424 in the CNCC derivatives. These findings revealed by single-cell analyses provide a 425 deeper understanding of the CNCC derivatives during development. 426
In conclusion, our study provides novel insights into the cell lineages, molecular 
